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ORIGINAL ARTICLE 



Silencing of KIF14 interferes with cell cycle 
progression and cytokinesis by blocking the P27"* 1 
ubiquitination pathway in hepatocellular carcinoma 

Haidong Xu 1,2,6 , Chungyoul Choe 1,6 , Seung-Hun Shin 1 , Sung- Won Park 1 , Ho-Shik Kim 3 , Seung-Hyun Jung 1 , 
Seon-Hee Yim 1,4 , Tae-Min Kim 5 and Yeun-Jun Chung 1 

Although it has been suggested that kinesin family member 14 (KIF14) has oncogenic potential in various cancers, including 
hepatocellular carcinoma (HCC), the molecular mechanism of this potential remains unknown. We aimed to elucidate the role 
of KIF14 in hepatocarcinogenesis by knocking down KIF14 in HCC cells that overexpressed KIF14. After KIF14 knockdown, 
changes in tumor cell growth, cell cycle and cytokinesis were examined. We also examined cell cycle regulatory molecules and 
upstream Skpl/Cull/F-box (SCF) complex molecules. Knockdown of KIF14 resulted in suppression of cell proliferation and 
failure of cytokinesis, whereas KIF14 overexpression increased cell proliferation. In KIF14-silenced cells, the levels of cyclins 
El, Dl and Bl were profoundly decreased compared with control cells. Of the cyclin-dependent kinase inhibitors, the p27 Kipl 
protein level specifically increased after KIF14 knockdown. The increase in p27 Kipl was not due to elevation of its mRNA level, 
but was due to inhibition of the proteasome-dependent degradation pathway. To explore the pathway upstream of this event, we 
measured the levels of SCF complex molecules, including Skpl, Skp2, Cull, Rocl and Cksl. The levels of Skp2 and its 
cofactor Cksl decreased in the KIF14 knockdown cells where p27 Kipl accumulated. Overexpression of Skp2 in the KIF14 
knockdown cells attenuated the failure of cytokinesis. On the basis of these results, we postulate that KIF14 knockdown 
downregulates the expression of Skp2 and Cksl, which target p27 Kipl for degradation by the 26S proteasome, leading to 
accumulation of p27 Kipl . The downregulation of Skp2 and Cksl also resulted in cytokinesis failure, which may inhibit tumor 
growth. To the best of our knowledge, this is the first report that has identified the molecular target and oncogenic effect of 
KIF14 in HCC. 
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INTRODUCTION 

The long arm of chromosome 1 has been of particular interest 
in cancer biology, as gains in the region spanning Iq31-lq32 
have been found in a wide variety of cancers, including 
hepatocellular carcinoma (HCC). 1-4 In our previous study, 
in which we investigated genome-wide chromosomal 
alterations in primary HCCs, we found that the lq32.1 
region was the most recurrently amplified region, and that 
the kinesin family member 14 (KIF14) gene, which is located 
in this region, was coherently overexpressed in HCCs. 5 As 
KIF14 was first cloned in 1994, it has been widely accepted to 



have a role in tumorigenesis as a chromokinesin; it binds to 
chromatin and microtubules during the formation of the 
bipolar spindle. 6,7 Therefore, the overexpression of KIF14 may 
lead to rapid and error-prone mitosis, which can induce 
aneuploidy during tumorigenesis. KIF14 has also been 
reported to induce anchorage-independent growth in the 
human ovarian cancer cell line SKOV3 and has been 
suggested to be a potential prognostic or therapeutic target 
for ovarian cancer. 8 

KIF14 is a member of the kinesin-3 superfamily. 9 Kinesin 
is a cytoskeletal motor protein that is involved in various 
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biological phenomena, including cargo-containing vesicle 
transport, mitotic spindle formation, chromosome segre- 
gation, midbody formation and cytokinesis completion. 9 
Depletion of KIF14 has been shown to block the completion 
of cytokinesis. 6,10 KIF14 has also been shown to interact with 
citron kinase. Because citron kinase is another form of the Rho 
effector kinase, which phosphorylates myosin and functions 
late in cytokinesis, it has been suggested that KIF14 is 
involved in abscission, where the cleavage furrow seals off 
the connection between the two daughter cells by depositing 
new membranes, through its interaction with other 
cytokinesis regulatory proteins. 10 Carleton et al 6 also 
reported that strong RNA interference -mediated silencing of 
KIF14 resulted in cytokinesis failure, and that less efficacious 
KIF 14- specific short interfering RNAs (siRNAs) induced 
multiple phenotypes that resulted in acute apoptosis at three 
distinct points in the cell cycle. This finding suggests that cell 
cycle progression can be disrupted by the differential 
modulation of KIF 14 expression. All of these lines of 
evidence suggest that overexpression of KIF 14 may have an 
oncogenic role because of perturbation of cell cycle control, as 
well as cytokinesis. However, an oncogenic mechanism 
of KIF 14 related to cell cycle progression has not yet been 
well studied. 

In this study, we aimed to elucidate the role of KIF 14 
overexpression in hepatocarcinogenesis by knocking down this 
gene, and we demonstrated that silencing of KIF 14 repressed 
tumor cell growth by interfering with cytokinesis and the 
p27 Kipl ubiquitination pathway in HCC. We also explored the 
molecular mechanism of the suppression of p27 Kipl ubiquiti- 
nation in KIF 14- silenced cells. 

MATERIALS AND METHODS 

HCC cell lines 

Six HCC cell lines, HepG2, SNU-449, SNU-475, SNU-761, SNU-878 
and SNU-886, were purchased from the Korean Cell-Line Bank 
(Seoul, Korea) and were maintained in Dulbecco's modified Eagle's 
medium supplemented with 10% fetal bovine serum at 37 °C under 
5% CO2. The THLE-2 cell line, a human normal liver cell line, was 
purchased from ATCC (Manassas, VA, USA) and maintained in 
Dulbecco's modified Eagle's medium supplemented with 10% fetal 
bovine serum, 25 mM HEPES buffer and 100 Uml" 1 penicillin. 

KIF 14 knockdown 

Three different KIF14-specifk siRNAs (siKIF14-l, siKIF14-2 and 
siKIF14-3) were purchased from Invitrogen (Carlsbad, CA, USA). 
To verify the sequence-specific effectiveness of KIF 14 RNAi, we used a 
negative control siRNA (Invitrogen) that has no significant homology 
to any known sequences in the human genome. The sequences of the 
three KIF 14 siRNAs are available in Supplementary Table 1. HCC cells 
were seeded at a density of 200 000 cells per well in 6-well plates, and 
siRNA transfection was performed by adding a mixture of 50 nM 
siRNA and 1.25|igml _1 transfection reagent (Lipofectamine RNi- 
MAX, Invitrogen) to the cells. After 72 h, HCC cells were harvested to 
validate the knockdown of KIF 14 expression using real-time quanti- 
tative reverse transcription-PCR (qRT-PCR) and western blot 
analysis. 



Overexpression of KIF 14 and SKP2 

Stable SNU-761 cells exogenously overexpressing KIF 14 were gener- 
ated by transfection with pCMV6-KIF14 (Origene, Rockville, MD, 
USA) . For SKP2 overexpression, stable SNU-449 cells were transfected 
with pcDNA3-myc-Skp2 (Addgene, Cambridge, MA, USA). As an 
empty vector control, pcDNA 3.1 was transfected into the same cell 
lines. Following transfection, cells were selected with 1 mgml -1 G418 
(Duchefa, Haarlem, the Netherland) for 10 days and were then 
maintained in 200|igml _1 G418. 

Real-time qRT-PCR 

Total RNA was extracted from the HCC cells, and first-strand cDNA 
was synthesized using an oligo-dT primer and M-MLV reverse 
transcriptase (Invitrogen). Real-time qRT-PCR was performed 
using a Mx3000P QPCR System and MxPro Version 3.00 software 
(Stratagene, La Jolla, CA, USA). The real-time quantitative PCR 
mixture contained 10 ng cDNA, 1 x SYBR Green Tbr polymerase 
mixture (FINNZYMES, Vantaa, Finland), 0.5 x ROX reference dye 
and 20 pmol of each primer. The GAPDH gene was used as an internal 
control for each reaction. The following PCR conditions were used: 
denaturation at 95 °C for 5 min, followed by 40 cycles at 94 °C for 10 s, 
53-55 °C for 30 s and 72 °C for 40 s. To verify specific amplification, 
melting curve analysis was performed (55-95 °C, 0.5 ^s" 1 ). Quanti- 
fication of the relative expression was performed using the AACT 
method, as described elsewhere. 11 ' 12 Details of the primer pairs and 
corresponding genes are available in Supplementary Table 2. 

Western blot analysis 

Western blot analysis was performed as described elsewhere. 11 Briefly, 
the siRNA-transfected cells and negative control cells were washed with 
ice-cold phosphate-buffered saline (PBS) and homogenized in cell 
lysis buffer. After centrifugation for 10 min at 4°C, the supernatant 
was harvested and the protein concentration was measured using 
the Bradford assay (Bio-Rad Laboratories, Hercules, CA, USA). 
Supernatant proteins (30 ug per lane) were electrophoresed in 10% 
SDS-polyacrylamide gel and were transferred onto polyvinylidene 
difluoride membranes (Millipore, Bedford, MA, USA), then incubated 
with the following primary antibodies: anti-KIF14 (1:1000, Abeam, 
Cambridge, UK), anti-pl6, anti-p21, anti-cyclin Dl, anti-cyclin Bl, anti- 
cyclin El (1:1000, Epitomics, Burlingame, CA, USA), anti-p27 (1:1000, 
BD Biosciences, San Jose, CA, USA), anti-Skp2 (1:1000, BD 
Biosciences), anti-Cksl and anti-a- tubulin (1:1000 to 1:3000, Santa 
Cruz Biotechnology, Dallas, TX, USA). The membrane was incubated 
with horseradish peroxidase-conjugated secondary antibodies for lh 
and visualized using the ECL detection kit (Amersham-Pharmacia 
Biotech, Braunschweig, Germany). Alpha-tubulin and beta-actin were 
used as internal controls for western blot analysis. 

Colony formation and cell proliferation assay 

Seventy-two hours after siRNA transfection, colony formation and 
cell proliferation assays were performed. For colony formation, 
transfected cells (1 x 10 4 ) were seeded onto 10-cm culture dishes. 
Nine days after seeding, the cells were washed with PBS buffer and 
stained with 0.5% crystal violet in 20% methanol for 20 min. Colonies 
larger than 1 mm in diameter were counted. The cell proliferation 
assay was performed using the Cell proliferation ELISA BrdU kit 
(Roche Diagnostics, Mannheim, Germany). Briefly, 5000 cells were 
seeded into each well of a 96-well plate, and the 5-bromo-2- 
deoxyuridine (BrdU) incorporation assay was carried out using the 
ELISA BrdU kit. 
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Nuclear staining 

The cells were grown on poly-D-lysine-coated glass chamber well 
slides and were fixed in 3.7% formalin solution for 30min. Then, the 
cells were incubated with an anti-a-tubulin (1:100, Santa Cruz) 
antibody in a humid chamber overnight at 4 °C. After washing with 
PBS, the cells were incubated with an Alexa 488-conjugated anti- 
mouse IgG antibody (1:100, Invitrogen) for lh at room temperature. 
The coverslips were mounted on a glass slide using VECTASHIELD 
mounting medium with 4 / -6-diamidino-2-phenylindole (Vector 
Laboratories, Burlingame, CA, USA), and the cells were observed 
under an LSM 700 confocal microscope (Zeiss, Oberkochen, Ger- 
many). A binucleated cell was defined as a single cell containing two 
distinguishable 4 / -6-diamidino-2-phenylindole-stained masses. The 
binucleated cell fraction (binucleated cell number/total cell number 
in a microscope field, x 200) was calculated in three to five fields for 
each cell. 

KIF14 and ip27 ¥ ^ 1 double immunochemical staining 

The siRNA-transfected cells were fixed and incubated with polyclonal 
antibodies against p27 Kipl and KIF14 (diluted 1:25) in a humid 
chamber at 37 °C for 1 h. The cells were washed with PBS and then 
incubated with fluorescein isothiocyanate- conjugated goat anti-rabbit 
or a phycoerythrin-conjugated donkey anti-mouse IgG at 37 °C for 
1 h. The coverslips were mounted on a glass slide in 10% Mowiol 
4-88, lug ml -1 4 / -6-diamidino-2-phenylindole and 25% glycerol in 
PBS, and the cells were observed using an LSM 510 Meta confocal 
microscope (Zeiss). 

RESULTS 

Elevated KIF14 expression in HCC cell lines 

We first measured the baseline KIF14 expression in six HCC 
cell lines. In three out of the six cell lines, KIF14 protein 



expression was more than twofold higher than in the THLE-2 
normal liver cells (Figure la). Among the three HCC cell lines 
in which KIF14 was overexpressed, the SNU-449 cell line was 
selected for the KIF14 knockdown studies to explore its 
biological role in hepatocarcinogenesis, as SNU-449 showed 
the highest expression of KIF14 (approximately fivefold higher 
than the normal liver cells). 

Specific suppression of KIF14 expression in HCC by siRNA 

To knock down KIF14, we transfected three siRNA constructs 
(siKIF14-l, siKIF14-2 and siKIF14-3) into the SNU-449 cells. 
As a control, a negative oligonucleotide construct (siNEG) was 
transfected into the same cell line. All three siRNAs specifically 
and efficiently repressed KIF14 mRNA expression compared 
with the siNEG according to real-time qRT-PCR analysis 
(Figure lb). Of the three siRNAs, siKIF14-2 suppressed KIF14 
expression most efficiently; the relative KIF14 mRNA expres- 
sion ratio (siKIF14-2/siNEG) was 0.01 (P< 0.0001). Therefore, 
all of the downstream functional analyses were performed using 
siKIF14-2 (hereafter referred to as siKIF14). We further 
measured KIF14 protein expression in a time series after 
siKIF14 transfection into SNU-449 cells. KIF14 protein expres- 
sion was repressed by approximately 65% 24 h after siKIF14 
transfection, and expression was almost completely suppressed 
by 48 h after siKIF14 transfection. In contrast, siNEG did not 
repress KIF14 expression even after 72 h (Figure lc). 

Effect of siKIF14 knockdown on tumor cell growth 

To test the potential role of KIF14 in tumor cell growth, we 
first observed the colony formation of the siKIF14-treated cells. 
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Figure 1 Kinesin family member 14 (KIF14) expression in various hepatocellular carcinoma (HCC) cell lines and short interfering RNA 
(siRNA)-mediated downregulation of KIF14 expression, (a) KIF14 protein expression in six HCC cell lines and a normal liver cell line 
(THLE-2). Alpha-tubulin was used as an internal control for western blot analysis. The y axis represents the relative KIF14 protein 
expression ratio (siKIF14/siNEG). (b) Downregulation of KIF14 by transfection of three KIF14 siRNAs into SNU-449 cells. After 72 h, the 
cells were harvested to validate the knockdown of KIF14 expression using quantitative reverse transcription-PCR analysis. The y axis 
represents the relative KIF14 expression ratio (siKIF14/siNEG). (c) KIF14 protein expression after si Kl F14 transfection in a time series. 
Alpha-tubulin was used as an internal control for western blot analysis. The error bars indicate the s.d. of the mean of three individual 
experiments. 
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The number of colonies formed by the siKIF 14 -treated cells 
was significantly lower than that formed by the siNEG-treated 
cells (25 versus 150, P< 0.0001; Figure 2a). This result 
supports the hypothesis that the overexpression of KIF14 can 
influence tumorigenesis. Therefore, we compared the cell 
proliferation of siKIF14- and siNEG-treated SNU-449 cells 
by measuring BrdU incorporation. Consistent with the colony 
formation results, BrdU incorporation in the siKIF 14 -trans - 
fected cells was significantly lower than in the siNEG -trans - 
fected cells (P< 0.0001; Figure 2b). In addition, to explore the 
effects of KIF14 on tumor cell proliferation, we transfected a 
KIF14 overexpression vector into SNU-761 cells (an HCC cell 
line with a level of KIF14 expression similar to that of normal 



liver cells). A KIF14 empty vector was also transfected as a 
control. After observing the overexpression of KIF14 in the 
SNU-761 cells, we performed a cell proliferation assay. The 
KIF14-overexpressing SNU-761 cells showed significantly 
higher levels of BrdU incorporation than those transfected 
with the control vector (P = 0.006, Figure 2c). 

Cytokinesis failure in siKIF 14-treated cells 

KIF14 is a mitotic kinesin that promotes the completion of 
cytokinesis. Therefore, it is likely that the cellular basis for the 
repression of SNU-449 cell growth by siKIF 14 transfection 
involves the inhibition of cytokinesis. To test this possibility, 
we measured the binucleated cell fraction of the siKIF 14- 
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Figure 2 Effects of kinesin family member 14-specific short interfering RNA (si KI F14) knockdown and overexpression on tumor cell 
growth and cell cycle progression, (a) Colony formation assay after siKIF14 knockdown in SNU-449 cells, (b) Proliferation assay after 
si KI F14 knockdown in SNU-449 cells. All measurements were repeated three times, and the mean optical density values with s.d. were 
plotted for each case. *P<0.01. (c) Proliferation assay after transfection of SNU-761 cells with the KIF14 overexpression vector. KIF14 
overexpression was confirmed by western blot analysis (bottom plot). Beta-actin was used as an internal control. KIF14over, pCMV6- 
KIF14-transfected cells; pcDNA, KIF14 empty vector (pcDNA)-transfected cells, (d and e) Effects of KIF14 depletion and 
siKIF14 + pcDNA3-myc-Skp2 co-transfection on cytokinesis, (d) The bar chart represents the average frequencies of the binucleated cells 
in the siKIF14-, siKIF14 + pcDNA3-myc-Skp2- and siNEG-transfected cells. *P<0.05. (e) Examples of the binucleated cells in the three 
different condition: siNEG-, siKIF14- and siKIF14 + pcDNA3-myc-Skp2-transfected cells. DAPI, 4'-6-diamidino-2-phenylindole. 
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treated SNU-449 cells. In line with our expectations, the 
fraction of binucleated cells in the KIF14 knockdown cells 
was significantly higher than that in the siNEG control cells 
(47.7% versus 15.1%, P=1.65xl0~ 5 ; Figures 2d and e), 
suggesting that cells deprived of KIF14 were more prone to 
cytokinesis failure. 

KIF14 knockdown increases the expression of pU^ 1 and 
decreases the expression of cyclins 

To identify the molecular mechanism by which KIF14 knock- 
down repressed tumor cell growth and caused cytokinesis 
failure, we measured the expression of cyclins. In the siKIF14- 
treated SNU-449 cells, the levels of cyclins El, Dl and Bl were 
profoundly decreased compared with the siNEG-treated cells 
(Figure 3a). We also measured the levels of cyclin- dependent 
kinase inhibitors, such as pi 6, p21 Cipl and p27 Kipl . The level of 
p27 Kipl was specifically increased after siKIF14 transfection, 
whereas there was no change in the expression of the other two 
cyclin-dependent kinase inhibitors (Figure 3a). The negative 
correlation between KIF14 and p27 Kipl was confirmed by 
double immunostaining; siKIF 14- treated cells showed 
decreased levels of KIF14 and increased levels of p27 Kipl , 
whereas the opposite was observed in the siNEG-treated cells 
(Figure 3b). 

Mechanism of elevated pU^ 1 expression in KIF14 
knockdown cells 

To understand the molecular mechanism of the decreased 
cyclin expression and p27 Kipl overexpression, we examined the 
mRNA expression levels of the target molecules using reverse 
transcription- PCR. The mRNA expression levels of cyclins El, 
Dl and Bl were consistently downregulated, in agreement 
with their protein levels; however, contrary to our expecta- 
tions, the mRNA level of p27 Kipl was not elevated (Figure 4a). 
This result suggests that the increased expression of p27 Kipl 



protein in the siKIF14-treated cells was acquired at the post- 
transcriptional level. To verify the possibility that the elevation 
in p27 Kipl in the absence of changes in p27 Kipl transcription 
might result from inhibition of p27 Kipl degradation in the 
siKIF14 knockdown cells, we measured p27 Kipl in a time series 
in the SNU-449 cells after treatment with the 26S proteasome 
inhibitor MG132. After MG132 treatment, p27 Kipl accumu- 
lated, and the accumulation increased in a time-dependent 
manner (Figure 4b). Because the posttranscriptional alteration 
of the p27 Kipl level is known to be regulated, in part, by a 
translational control mechanism, 18 we also examined whether 
MG132 could block the decrease in p27 Kipl in the presence of 
the translation inhibitor cycloheximide (CHX). When the 
SNU-449 cells were treated with CHX only, the p27 Kipl level 
gradually decreased in a time-dependent manner, but 
treatment with both MG132 and CHX blocked the decrease 
in p27 Kipl (Figure 4b). If the increase in p27 Kipl in the KIF14 
knockdown cells was mainly due to the inhibition of the 
p27 Kipl degradation pathway, treatment with both siKIF14 and 
CHX should show a similar effect as that observed in the 
MG132 and CHX co-treated cells. To explore this possibility, 
SNU-449 cells were treated with both siKIF14 and CHX (CHX 
was added 72 h after the siKIF14 treatment). As we anticipated, 
cells treated with both siKIF14 and CHX showed an accumu- 
lation of p27 Kipl (Figure 4b). 

Effect of KIF14 knockdown on the Skpl/Cull/F-box (SCF) 
complex 

To investigate the molecular mechanism by which KIF14 
knockdown causes p27 Kipl accumulation, we measured the 
expression of five components of the SCF complex (Skpl, 
Skp2, Cull, Rocl and Cksl). After KIF14 knockdown, the 
mRNA levels of Skp2 and its co factor Cksl decreased 
significantly, but the mRNA levels of Cull, Rocl and Skpl 
did not change (Figure 5a). Consistent with the changes in 
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Figure 3 Effects of kinesin family member 14 (KIF14) knockdown on expression of cyclins and cyclin-dependent kinase inhibitors, 
(a) Western blot analysis shows the downregulation of cyclins Bl, Dl and El and the upregulation of p27 Kipl in the KIF14-specific short 
interfering RNA (siKIF14)-treated cells. There was no difference in the levels of pl6 lnk4a and p21 Cipl between the si Kl F14- and 
siNEG-transfected cells, (b) Double immunochemical staining shows a negative correlation between KIF14 (green) and p27 Kipl (red). 
DAPI, 4 / -6-diam id ino-2-phenyl indole. 
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Figure 4 Mechanism of the elevated level of p27 Kipl in the kinesin family member 14 (KIF14) knockdown cells, (a) RNA expression 
levels of p27 Kipl and cyclins. The y axis represents the relative expression ratio of the target genes (KIF14-specific short interfering RNA 
(siKIF14)- or siNEG-treated SNU-449/original SNU-449). The ratio values were subsequently normalized by setting the mean ratio of the 
value from the siNEG-treated cells equal to 1. (b) KIF14 knockdown mimics a proteasome inhibitor in SNU-449 cells. Upper plot: 
p27 Kipl expression level in MG132-treated cells. Intracellular p27 Kipl accumulated in a time-dependent manner after treatment with the 
proteasome inhibitor MG132. Middle plot: p27 Kipl expression level in cycloheximide (CHX)-treated and MG132 + CHX co-treated cells. In 
the CHX treatment only cells, the p27 Kipl level gradually decreased in a time-dependent manner. However, MG132 + CHX co-treatment 
blocked the decrease of p27 Kipl . Bottom plot: effect of siKIF14 treatment on the decreased expression of p27 Kipl caused by treatment 
with CHX. Seventy-two hours after transfection with si Kl F14 or siNEG, the cells were co-treated with CHX for 0, 0.5, 1 or 3 h. 
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Figure 5 Effects of kinesin family member 14 (KIF14) knockdown 
on Skpl/Cull/F-box (SCF) complex components in SNU-449 cells, 
(a) KIF14 knockdown downregulated the mRNA expression of Skp2 
and Cksl but not the mRNA expression of Cull, Rocl and Skpl. 
*P<0.05. (b) Skp2 and Cksl protein expression after KIF14 
knockdown. 

mRNA expression, the protein levels of Skp2 and Cksl were 
also profoundly decreased in KIF14 knockdown cells 
(Figure 5b). We further tested whether overexpression of 
Skp2 attenuated the failure of cytokinesis that resulted from 
KIF14 knockdown. We transfected pcDNA3-myc-Skp2 into 
SNU-449 cells and confirmed the overexpression of Skp2 
(Supplementary Figure 1). Then, siKIF14 was co -transfected 
into the Skp2-overexpressing cells. The fraction of binucleated 
cells in the co- transfected cells was significantly lower than that 
in cells transfected with siKIF14 only (19.7% versus 47.7%, 
P = 0.0003), but it was not significantly different from that in 
the siNEG cells (Figures 2d and e). 



DISCUSSION 

In this study, we propose that the suppression of KIF14 
expression can inhibit tumor growth in at least two ways: by 
increasing the level of p27 Kipl and causing failure of cytokin- 
esis. Although the overexpression of KIF14 in various tumors 
and tumor cell lines has suggested the oncogenic potential of 
KIF14, to the best of our knowledge, this is the first report to 
demonstrate the molecular target and oncogenic mechanism 
of KIF14 overexpression in HCC. 

Consistent with our previous study, in which we showed 
that KIF14 copy number and expression were increased in 
primary HCCs, 5 KIF14 overexpression (>2 times) was 
observed in half of the six HCC cell lines examined in this 
study. Our previous and current results indicate that KIF14 is 
involved in hepatocarcinogenesis, and KIF14 overexpression 
can be a genetic marker of HCC. Elevated BrdU incorporation 
after KIF14 overexpression in SNU-761 cells and repressed 
incorporation after KIF14 knockdown in SNU-449 cells 
consistently support the oncogenic potential of KIF14. 
Considering that BrdU is incorporated into DNA during S 
phase, the inhibition of BrdU incorporation suggests that the 
repressed growth of SNU-449 cells after KIF14 knockdown 
may be due to inhibition of cell cycle progression through S 
phase. In addition, KIF14 is a mitotic kinesin that promotes 
the completion of cytokinesis. 9 Therefore, it is likely that the 
cellular basis for the repression of SNU-449 cell growth by 
siKIF14 transfection can be attributed to the inhibition of 
cytokinesis. In line with our expectations, a substantial 
number of KIF14 knockdown cells were bi-nucleated. 
Carleton et at. reported previously that strong silencing of 
KIF14 resulted in cytokinesis failure and that less efficacious 
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silencing of KIF14 resulted in acute apoptosis at some 
points in the cell cycle. 6 On the basis of these findings, we 
can speculate that overexpression of KIF14 contributes 
to uncontrolled cell cycle progression and division in 
hepatocytes, which may cause initiation or progression of 
hepatocarcinogenesis. It is well known that the pRb pathway is 
functionally inactivated in most cases of HCC by genetic, 
epigenetic and/or viral mechanisms. 13,14 We tried to examine 
the effect of KIF14 knockdown on the level of phosphorylated 
Rb, but we could not observe the phosphorylated Rb signal 
(data not shown). 

The activity of CDKs is regulated by the abundance of their 
cyclin partners and by association with the CDK inhibitors of 
the Cip/Kip (p21 ci P 1 and p27 Ki P : ) or Ink families. 15 ' 16 In our 
study, among the cyclins and cyclin-dependent kinase 
inhibitors, the levels of cyclins El, Dl and Bl were 
profoundly decreased by KIF14 knock down, whereas the 
level of p27 Kipl was specifically increased. However, the mRNA 
level of p27 Kipl was not elevated. This result suggests that the 
increased level of p27 Kipl in the siKIF 14- treated cells was 
acquired at the post-transcriptional level. It is well known that 
pro teasome- dependent degradation of cell cycle regulators is 
critical for the tight control of cell division. 17 Post- 
transcriptional alteration of the p27 Kipl level is also known 
to be regulated, in part, by the translational control 
mechanism. 18 Based on our findings, we hypothesized that 
the elevated level of p27 Kipl , which occurred without a change 
in p27 Kipl transcription, might be a result of the inhibition 
of p27 Kipl degradation in the siKIF14 knockdown cells. 
Consistent with our speculation, when we examined the 
p 27 Kipi level after MG132, CHX and/or siKIF14 treatment, 
all of the results suggested that the elevation of p27 Kipl in the 
KIF14 knockdown cell was not due to upregulation at the 
transcription or translation level but was instead due to 
inhibition of the proteasome-dependent p27 Kipl degradation 
pathway. 

There is a large body of evidence that the degradation 
of p27 Kipl occurs in the nucleus via the ubiquitin protein 
ligase complex SCF skp2 (Skp 1 -Cull -Roc 1-F box protein), a 
major class of E3 ubiquitin ligases, which triggers protein 
degradation by covalently attaching ubiquitin onto lysine 
residues of the target proteins. 19,20 In this study, the 
expression levels of Skp2 and its cofactor Cksl specifically 
decreased after KIF14 knockdown, but the levels of Cull, Rocl 
and Skpl did not change. Overexpression of Skp2 attenuated 
the failure of cytokinesis after KIF14 knockdown. These data 
suggest that expression of Skp2 is, at least in part, regulated by 
upstream KIF14 expression, and that both molecules 
contribute to hepatocarcinogenesis. Skp2 has been reported 
to recognize multiple targets, including p27 Kipl , p21 Cipl and 
some cyclins; of these proteins, only p27 Kipl requires the 
cofactor protein Cksl for its recognition and ubiquitination by 
SCF Skp2 20-22 Although our observation that the level of 
p27 Kipl was specifically changed in the siKIF14-transfected 
cells is consistent with previous reports, we did not further 
examine the molecular mechanisms of the phenomenon in 
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Figure 6 Schematic summary of the potential molecular 
mechanism of growth repression caused by kinesin family member 
14 (KIF14) knockdown. KIF14 knockdown downregulates the 
expression of Skp2 and Cksl, which inhibits the proteasome- 
dependent p27 Kipl ubiquitination pathway, leading to its 
accumulation. The increase in p27 kipl inhibits the expression of 
cyclins, including El, Dl and Bl, which leads to the suppression 
of cell cycle progression, resulting in the suppression of 
hepatocellular carcinoma tumorigenicity. Downregulated Skp2 and 
Cksl may also influence cytokinesis failure. 



this study. Further studies of the molecules that interact 
with KIF14 will be required to identify the detailed 
mechanisms. On the other hand, the decreased 
ubiquitination that results from reduced Skp2 and Cksl 
levels may have an additional effect on tumor growth. 
Considering that ubiquitination has been reported to have a 
key role in the completion of cytokinesis and that Skp2 has 
been reported to degrade the components of the actomyosin 
ring, which is important for cytokinesis, 23-26 the reduced level 
of Skp2 might contribute to the observed failure of cytokinesis 
following siKIF14 treatment. 

Taking our results and previous findings together, we 
postulate the following molecular mechanism of growth 
suppression by siKIF14 (Figure 6). KIF14 knockdown down- 
regulates the expression of Skp2 and its cofactor Cksl, which 
target p27 Kipl for degradation by the 26S pro teasome, leading 
to the accumulation of p27 Kipl . In addition, the downregula- 
tion of Skp2 and Cksl also causes cytokinesis failure, which 
may also inhibit tumor growth. Further studies based on our 
findings will help us to understand the mechanism of 
hepatocarcinogenesis and the role of KIF14 in cytokinesis 
and cell cycle progression, which may highlight its potential 
role as a target for therapeutic intervention. 
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